A b s t r a c t
The goal of this study was to evaluate routine flow cytometric (FC) immunophenotypic markers in differentiating between Burkitt lymphoma (BL) and CD10+ diffuse large B-cell lymphoma (DLBCL). We performed retrospective analysis of FC data from 55 patients. We evaluated 9 FC parameters: forward and side scatter (FSC and SSC); mean fluorescent intensity (MFI) for CD20, CD10, CD38, CD79b, CD43, and CD71; and the percentage of neoplastic cells positive for CD71 (%CD71). The FSC; MFIs of CD10, CD43, CD79b, and CD71; and %CD71 cells were significantly different between BL and CD10+ DLBCL (P < .05; Student t test). A 5-point scoring system (FSC, %CD71, and MFIs of CD43, CD79b, and CD71) was devised, and 6 (60%) of 10 BLs scored 3 or greater and 1 (10%) of 10 CD10+ DLBCLs scored 3 (P = .04; χ 2 ). Our findings indicate that routine FC parameters can aid in differentiating BL from CD10+ DLBCL.
Mature B-cell lymphomas that commonly express CD10 include follicular lymphoma (FL), diffuse large B-cell lymphoma (DLBCL), Burkitt lymphoma (BL), and B-cell lymphoma, unclassifiable (BCLU) with features intermediate between DLBCL and BL. Most FLs, particularly grade I or II, can be easily distinguished from the other CD10+ groups given an adequate specimen. However, differentiation among DLBCL, BL, and BCLU can present diagnostic difficulty as they sometimes share common morphologic and immunophenotypic characteristics.
DLBCL is the most common adult B-cell lymphoma in the Western world and accounts for 25% to 30% of nonHodgkin lymphomas. DLBCL was initially defined by the World Health Organization (WHO) in 2001 1 as a heterogeneous group of lymphomas. The group has since been separated into a variety of clinically and biologically distinct entities in the current WHO classification of lymphoid malignancies. 2 These subgroups have been defined using clinical, morphologic, immunophenotypic, and molecular features. One such subgroup is BCLU, which is considered to reside somewhere on the B-cell lymphoma spectrum between DLBCL and BL. The morphologic features of BCLU often resemble BL, with the exception of more nuclear irregularity and heterogeneity and the presence of some cells with prominent single nucleoli. BCLU often, but not always, has a high proliferation rate (>90% by Mindbomb homolog-1 [MIB-1] staining) and an immunophenotype that is similar to BL except for strong BCL2 positivity in some instances. Certain cases of BCLU and DLBCL can also harbor v-myc myelocytomatosis viral oncogene homolog (c-MYC) rearrangements, making the distinction between these groups and BL even more difficult. A proportion of DLBCLs and BCLUs are double-hit lymphomas harboring both c-MYC and BCL2 and/ or BCL6 rearrangements. [2] [3] [4] In the most recent WHO classification, BL has been given more strict diagnostic criteria as it requires distinctly different treatment than DLBCL. BL is defined by a combination of several features, including the following: (1) monotonous, round, medium-sized cellular morphology; (2) typical Burkitt phenotype (CD10+, BCL6+, BCL2-, negative for terminal deoxynucleotidyl transferase, and positive for monotypic surface immunoglobulin); (3) an MIB-1 proliferation rate of virtually 100%; and (4) with or without evidence of Epstein-Barr virus infection. 2 In addition, the vast majority of cases carry the c-MYC rearrangement.
Proper classification of these CD10+ B-cell lymphomas, particularly identifying BL, has become increasingly complex and significant for treatment decision and prognostic stratification. 5, 6 Molecular genetic studies, particularly fluorescent in situ hybridization (FISH) studies for documenting c-MYC, BCL2, and/or BCL6 rearrangements as mentioned, have a crucial role in supporting proper categorization of CD10+ B-cell lymphomas. However, these tests are relatively expensive and not routinely available at many clinical laboratories, requiring submission to a reference laboratory, which can delay accurate diagnosis. Additional methods to distinguish between BL and other CD10+ lymphomas in a timely and cost-effective manner are needed. The goal of this study was to evaluate the usefulness of routinely used immunophenotypic markers by flow cytometry to assist in this important determination.
Materials and Methods

Patient Cohort
We performed a retrospective analysis of flow cytometric (FC) 
FC Parameters and Data Analysis
The sample preparation and 4-color FC evaluation was performed as previously described. 7 The antibody combinations and their respective fluorochromes are listed in ❚Table 1❚. A population-based gating strategy on FACsDiva software (BD Biosciences, San Jose, CA) was used to analyze the archived list mode data. Nine FC parameters were obtained for the neoplastic populations by selectively gating on the CD19+ B-cell population in each case ❚Image 1❚. The forward and side scatter characteristics (FSC and SSC, respectively) and the mean fluorescent intensities (MFIs) for CD20, CD10, CD38, CD79b, CD43, and CD71 were then determined and recorded. The percentage of the neoplastic population that was positive for CD71 (%CD71) was the ninth parameter and was determined by using the upper border of CD71 intensity of the nonneoplastic, CD3+ T-cell population in each case as the negative cutoff point. CD10-DLBCL and FL cases were gated in the same manner. Of note, the FHyp cases were analyzed similarly but were specifically gated on the CD19+ and CD10+ B cells.
The mean and SD for each parameter were calculated. The Student t test was used to determine if the differences in parameters between BL and CD10+ DLBCL were statistically significant (P < .05). The numbers of cases in each group were too small and SDs too high to allow for multivariate analysis; however, parameters that showed differences between BL and CD10+ DLBCL cases were further studied. Next, a 5-point scoring system was devised based on the approximate averaged values in BL cases for 5 specific parameters. The 5 parameters were selected for the scoring system because they were available for the majority of BL and CD10+ DLBCL cases studied and they showed significant differences (P ≤ .05) from CD10+ DLBCL cases. By using this scoring system, we reviewed BL and CD10+ DLBCL cases and gave 1 point each if they had the following values: FSC, less than 122,000; CD43, more than 2,500; CD79b, less than 2,000; CD71, more than 2,000; and %CD71, more than 65%. Only the cases containing all 5 parameters were scored, and the results of the scoring system were analyzed by using the χ 2 test.
Results
FC Analysis Using Nine Parameters
The FL cases had the smallest cells by FSC, demonstrated markedly lower MFIs for all markers with the exception of CD10, and the %CD71 for FL was very low (3%) ❚Table 2❚. Of note, the FHyp cells were more intermediate in average cell size and demonstrated slightly higher %CD71 than FL. The CD10-DLBCL cases demonstrated large cells by FSC and higher proliferation than the other 2 aforementioned control groups (CD71 MFI and %CD71). Based on our laboratory's experience, the general patterns seen in these groups had the immunophenotypic findings expected from the literature, demonstrating that the gating strategies used in this study produced reliable results.
The 9 parameters measured showed significant variability (as evidenced by the high SDs) within several groups, particularly CD10+ DLBCL and CD10-DLBCL, demonstrating that these are indeed heterogeneous entities. The FL, FHyp, and BL groups demonstrated lower SDs, suggesting less intercase variability in these entities. Because of the amount of variance seen, statistically significant differences between BL and DLBCL (CD10+ and CD10-subgroups in total) were not seen for all parameters. However, several important differences between the groups of interest, BL and CD10+ DLBCL, were found ❚Figure 1❚.
As expected, the FSC was lower for BL than for CD10+ DLBCL (P = .01), reflecting the typically smaller size of the BL cells. The CD43 MFIs were brighter in BL than in CD10+ DLBCL (P = .029), and the CD79b MFI was significantly lower in the BL group (P = .016). CD10 was significantly higher in BL (P = .029). With an average of 69% of cells 
Discussion
Our results demonstrate that FSC and expression levels (as determined by MFI) of several commonly used surface markers, including CD10, CD43, CD79b, and CD71, and the %CD71, were different between BL and CD10+ DLBCL. In this study, we used the MFI of the neoplastic populations for expressing CD71, BL had the highest %CD71 of any group, and this %CD71 was significantly higher than in the CD10+ DLBCL group (P = .020). In addition, the MFIs for CD71 tended to be higher in BL than in CD10+ DLBCL, but were not significant (P = .054). Since CD71 can act as a surrogate marker of proliferation, 8 these results mirror the results of the MIB-1/immunohistochemical study, which showed a nearly 100% proliferation index. No statistically significant differences between BL and CD10+ DLBCL were seen in our data set for SSC, CD20, and CD38.
Results of the Scoring System
The 5-point scoring system described was applied to 10 of 19 total BL cases, 10 of 12 total CD10+ DLBCL cases, and 5 of 8 total CD10-DLBCL cases. Samples were scored only if they had all 5 parameters available for evaluation. The results of the scoring system showed that 6 (60%) of 10 BL cases had a score of 3 or greater. In contrast, only 1 (10%) of the 10 CD10+ DLBCL cases had a score of 3, and none ❚Figure 1❚ Graphs for each parameter for Burkitt lymphoma (gray bars) and CD10+ diffuse large B-cell lymphoma (white bars) cases demonstrate significant differences for FSC, CD10, CD79b, CD43, and %CD71. The large intergroup variance is evidenced by the large SD bars. FSC-H, forward scatter height; MFI, mean fluorescence intensity; SSC-H, side scatter height. each of the cell markers. While other strategies are available, such as using the difference in the MFI (MFI-diff) for the neoplastic population and MFI for an internal negative control population (such as T cells), we found our method to be more reproducible between the 2 pathologists involved in data collection (P.M. and N.N.; data not shown). Also, no improvement in variance was demonstrated when the MFI-diff was used for several pilot cases from each group. From our experience, the MFI-diff method may be superior in studies in which different fluorochrome/antibody combinations and/or various specimen types (eg, peripheral blood, bone marrow, lymph node) are evaluated. We also found our method to be of more value than simple qualitative criteria (ie, positive or negative for a marker). This allowed us see if there were more subtle differences in expression patterns of markers between groups. For example, CD79b is expressed on the majority of CD10+ DLBCL and BL cases based on qualitative analysis, which would not help to distinguish between the 2 entities. As noted previously, there was substantial variability of MFI, particularly within DLBCL cases. Although the testing procedures (see "Materials and Methods") were standardized, and, because the laboratory is a clinical laboratory, daily quality control and routine maintenance were performed during the entire 8-year period from which cases were collected, it should be noted that variability in day-to-day compensation/ laser voltage changes would have introduced a degree of error into the measurement of MFI values.
FC methods have been previously used to distinguish CD10+ DLBCL from BL. For example, CD44 and CD54 expression was shown to be significantly different between these 2 lymphomas by Schniederjan et al. 9 However, these markers are not commonly used in many clinical laboratories. Although no differences in the expression of CD18 or CD43 were observed in that study, BL showed brighter CD43 intensity than CD10+ DLBCL in our analysis (P = .029). One possible explanation for these differences could be related to our gating/mean MFI strategy compared with that of the previous study, which looked at the MFI-diff for the neoplastic populations vs the T cells. Another limitation and possible explanation for different findings in our study is the fact that all of the BL cases in our cohort were pediatric, and adult BL cases may have different expression patterns. Another study used immunohistochemical analysis of BL and other CD10+ lymphomas and showed that CD38 positivity was a better predictor of BL and c-MYC status than CD10 and BCL2. 10 Our CD38 MFI results were brightest in the BL samples, consistent with their findings (P = .282).
Our data showed that CD79b is quite dim in BL compared with CD10+ DLBCLs (P = .016). To the best of our knowledge, this marker commonly used in FC laboratories has not been evaluated specifically in differentiating BL from CD10+ DLBCL. In addition, the CD10-DLBCL had a ❚Image 2❚ Mean fluorescent intensity (MFI) for 5 parameters in representative cases of Burkitt lymphoma (A) and CD10+ diffuse large B-cell lymphoma (B). FITC, fluorescein isothiocyanate; FSC-H, forward scatter height; PE, phycoerythrin; SSC-H, side scatter height. similar CD79b MFI to BL in the present study. Further studies are warranted to confirm this observation. In addition, as CD79b is involved in immunoglobulin anchoring to the cell surface, evaluation of surface immunoglobulin intensity in BL and DLBCL would be of interest in future studies. (These data were not available for retrospective review in this study.) In our study, %CD71 (transferrin receptor) was higher in BL than in other groups (P = .020). CD71 has been used as a surrogate marker of proliferation and has been previously shown to aid in differentiating between FL and higher-grade B cell lymphomas (including BL and DLBCL). 8 However, the use of MFI alone failed to differentiate between BL and DLBCL, suggesting that a multiparameter system as used in our study is needed for such distinction.
A scoring system was devised that counted different parameters (FSC, CD79b, CD43, CD71, and %CD71) to further aid in differentiating BL from CD10+ DLBCL. By using this scoring system, we found only 1 DLBCL case with a score (equal to 3) similar to most BL cases studied. The only case of BCLU in our series had a very low score, but because there was only 1 case, conclusions regarding BCLU cannot be made based on these data. Recent studies addressing this group of lymphomas have suggested that double-hit lymphomas, which can fall into the current BCLU or, rarely, DLBCL group, often have dim CD20 and bright CD38. [11] [12] [13] Our findings indicate that there are significant differences in FC parameters between BL and CD10+ DLBCL that can be obtained by using commonly used markers. BL is highly suggested when 3 or more of the following findings are present: FSC height, less than 122,000; CD79b, less than 2,000; CD43, more than 2,500; CD71, more than 2,000; and %CD71, more than 65%. This is the first such study, to the best of our knowledge, to use this multiparameter strategy for differentiating BLs from other CD10+ DLBCLs. Further studies with larger samples are warranted to validate our findings.
